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Abstract
We present a general polynomial chaotic inflation model in supergravity, for
which the predicted spectral index and tensor-to-scalar ratio can lie within the
1σ region allowed by the Planck results. Most importantly, the predicted tensor-
to-scalar ratio is large enough to be probed in the on-going and future B-mode
experiments. We study the inflaton dynamics and the subsequent reheating process
in a couple of specific examples. The non-thermal gravitino production from the
inflaton decay can be suppressed in a case with a discrete Z2 symmetry. We find
that the reheating temperature can be naturally as high as O(109−10)GeV, sufficient
for baryon asymmetry generation through (non-)thermal leptogenesis.
1 Introduction
How did the Universe begin? That is one of the most important questions in cosmology
and particle physics. The fact that the observed cosmic microwave background (CMB)
has superhorizon-sized correlations implies that our Universe experienced a stage of ac-
celerated expansion, i.e. inflation [1, 2], at a very early stage of evolution. Recently, the
Planck satellite [3] measured the CMB temperature anisotropies with unprecedented pre-
cision, showing that the CMB power spectrum can be well fitted by nearly scale-invariant,
adiabatic and Gaussian density perturbations. This gives strong preference to a canonical
(effectively) single-field inflation.
Among various inflation models proposed so far [4, 5], a chaotic inflation model [6] is
particularly interesting, not only because it avoids the fine tuning of the initial condition
for inflation, but also because it predicts a large tensor-to-scalar ratio that is within the
reach of the Planck satellite and future CMB observation experiments. The primordial
tensor mode, if detected, will provide us with the absolute energy scale of inflation, and
we can get invaluable information on the very early Universe.
The chaotic inflation requires a super-Planckian value for the inflaton field, which
was an obstacle for model building in supergravity (SUGRA) and superstring theories.
This problem was surmounted in a simple model proposed in Ref. [7], where the Ka¨hler
potential of the following form was introduced,
K =
1
2
(φ+ φ†)2, (1)
which respects a shift symmetry:
φ→ φ+ iα (2)
with α being a real constant. Here and in what follows we adopt the Planck units where
the reduced Planck mass MP ≃ 2.4 × 1018GeV is set to be unity. Then the inflaton,
ϕ ≡ √2 Imφ, can take a super-Planckian field value without receiving any dangerous
SUGRA corrections. Combined with a superpotential W = mXφ with X being another
chiral superfield and m the inflaton mass, ϕ has a simple quadratic potential beyond the
Planck scale, leading to chaotic inflation. Note that, in this model as well as the inflation
models along the lines of Ref. [7], the inflaton ϕ is a real scalar field, not a complex one,
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and therefore there is no degrees of freedom that may destabilize the inflationary path.
Up to now, there are various models of chaotic inflation developed in supergravity [8, 9,
10, 11, 12, 13, 14] and string theory [15, 16, 17].
Much attention has been paid to a simple class of chaotic inflation models based on a
monomial potential, V (ϕ) ∝ ϕn. Some of the models in this class are already in tension
with the Planck observation of the spectral index (ns) and the tensor-to-scalar ratio (r).
Specifically, a chaotic inflation model based on a quartic potential is highly disfavored
because of too large r, and that based on a quadratic potential is marginally consistent
with the observation at 2σ level. Those with a linear or fractional power potential lie
outside 1σ but within 2σ allowed region. It is worth noting that no model in this class
lies within 1σ allowed region.
Motivated by the possible tension of the monomial chaotic inflation with the observa-
tion, the present authors have recently proposed a polynomial chaotic inflation model in
SUGRA [14], where a superpotential of the following form was introduced,
W = X(mφ+ λφ2), (3)
with λ being a constant parameter. Surprisingly, this simple (and possibly natural) ex-
tension can cover almost all the values of ns and r within the 1σ region of the Planck
result [14]. The point is that the addition of φ2-term can make the scalar potential flatter
at ϕ & 1 and, as a result, the tenor-to-scalar ratio can be reduced while ns remains within
the 1σ allowed region.
Lastly we briefly mention related works. In Ref. [18], the inflation model based on a
scalar potential equivalent to that obtained from (3) was studied in a non-supersymmetric
framework. In a special case, the inflaton dynamics is equivalent to that in the sponta-
neous symmetry breaking model first considered in [19] (see also Ref. [20]). Recently, the
model was revisited and its global supersymmetric extension was proposed in Ref. [21],
where the predicted spectral index and the tensor-to-scalar ratio can be consistent with
the Planck data, although the possible inflationary trajectory is limited to the case of
Ref. [19] as the inflaton is a complex scalar field. The extension to SUGRA is possible in
the no-scale supergravity [22, 23, 24]. See also a very recent paper [25] along those lines.
In this paper we present a general polynomial chaotic inflation model in SUGRA as
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an extension of our previous work [14], and show that the Planck result can be consistent
with a large class of polynomial chaotic inflation models. Most importantly, the predicted
tensor-to-scalar ratio is large enough to be probed by the on-going and future experiments
dedicated to detect the CMB B-mode polarization signal. Conversely, non-detection of
B-modes at future experiments will exclude a large portion of the polynomial chaotic
inflation model.
The rest of this paper is organized as follows. In Sec. 2 we introduce the setup of
polynomial chaotic inflation model in SUGRA. We will discuss the reheating process in
Sec. 3. The last section is devoted for discussion and conclusions.
2 General polynomial chaotic inflation
In this section we present a general polynomial chaotic inflation in SUGRA, and study
the predicted (ns, r) in a few examples.
We consider the following Ka¨hler potential,
K = c1(φ+ φ
†) +
1
2
(φ+ φ†)2 + |X|2 − cX |X|4 · · · , (4)
which respects the shift symmetry (2). The dots represent higher order terms that are
not relevant for the present purpose. We assume that the coefficients of interactions in
the Ka¨hler potential are at most of order unity. The shift symmetry ensures the flatness
of the scalar potential beyond the Planck scale along the imaginary component of φ,
ϕ ≡ √2 Imφ, and hence it allows us to identify ϕ with the inflaton. The superpotential
is assumed to be of the general form [7, 8, 9, 10],
W = X
(∑
n=0
dnφ
n
)
+W0, (5)
where {dn} are constants and |W0| ≃ m3/2 with m3/2 being the gravitino mass. Here
we assign an R-charge as R(X) = 2 and R(φ) = 0. The superpotential that involves φ
explicitly breaks the shift symmetry and generates the potential for ϕ unless there is a
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conspiracy among the coefficients.1 The scalar potential is given by
V = eK
[
Kij¯(DiW )(Dj¯W¯ )− 3|W |2
]
, (6)
where DiW = ∂iW + (∂iK)W .
Now let us make a couple of simplifying assumptions. First we assume that the
gravitino mass is much smaller than the Hubble parameter during inflation. Then the
effect of W0 on the inflaton dynamics is negligible, and so, we drop W0 in the rest of this
section. Since there is an approximate U(1)R symmetry during inflation, the potential
of X has an extremum at the origin. In fact, X dynamically settles down at X ≃ 0
during inflation if cX & O(1), which greatly simplifies the scalar potential. In fact, the
introduction of X was essential for successful inflation, since otherwise the the potential
would be unbounded from below at large ϕ [7]. Secondly we assume that the scalar
potential has a (SUSY) minimum at the origin of φ. There are two ways to accomplish
this. First, the potential vanishes at the origin if the d0-term is forbidden by an additional
symmetry. We shall see that there is an interesting class of models where we can impose
a Z2 symmetry on X and φ. Alternatively, we can use the freedom to shift the origin of
φ. In general, this is possible if |d0| is smaller than or comparable to the typical scale
of {di} with i ≥ 1. Otherwise, we cannot take d0 = 0 by the shift of φ since Re[φ] is
not allowed to take super-Planckian values.2 In this basis, c1 is generically at most of
order unity, and there is a priori no reason to expect c1 to be much smaller than unity.
Nevertheless we will set c1 = 0 for simplicity in the following analysis, because it does not
affect the inflaton dynamics (see the footnote 1). In the next section we will return to this
issue and we shall see that c1 = 0 can be realized in some cases. Other phenomenological
implications of nonzero c1 will also be discussed there.
Under the above assumptions we have made, the inflaton potential takes the simple
form,
V (ϕ) ≃
∣∣∣∣∣
∑
n=1
dn
(
iϕ√
2
)n∣∣∣∣∣
2
, (7)
1 The shift symmetry is not violated if
∑
n=0 dnφ
n ∝ ecφ with c being a real parameter, because it
leads to the scalar potential V ∝ ec(φ+φ†) in the R-symmetric limit.
2If the phase of d0 happens to be correlated with the di-terms, it will be possible to shift the origin
along the imaginary component of φ even for |d0| ∼ O(1).
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Figure 1: Schematic picture of the inflaton potential for the general (p, q)-chaotic infla-
tion. Here cθ ≡ cos(θ + (q − p)π/2) and cth ≡ 2√pq/(p+ q). (Left) q − p =odd. (Right)
q − p =even.
where we have used the fact that the real component of φ is stabilized near the origin
during inflation. In the chaotic inflation, the inflaton rolls down toward the potential
minimum from large field values, and so, different terms in the superpotential will give a
dominant contribution to the inflaton potential as the inflaton moves. If only a single term
gives the dominant contribution during the last 50 − 60 e-foldings, the inflation model
is reduced to that based on a monomial potential. Instead, we would like to consider
a case where during the last 50 − 60 e-foldings the inflaton passes through the region
where the inflaton potential receives comparable contributions from (at least) two terms
in the superpotential. As we shall see shortly, this will significantly change the predicted
values of ns and r. This is because the scalar potential has a plateau where these two
contributions compete and cancel each other. In the following we first study such a general
inflation model, and then examine a couple of specific examples to see if the predicted
(ns, r) can lie within the 1σ region allowed by the Planck.
2.1 (p, q)-chaotic inflation
Now we consider a (p, q)-chaotic inflation in which the inflaton potential receives contri-
butions mainly from the following two terms in the superpotential during the last 50−60
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e-foldings;
W = X(dpφ
p + dqφ
q), (8)
where p and q are integers satisfying 1 ≤ p < q. We take dp real and positive without loss
of generality. Using (7) and (8), we find
V = d2p
(
ϕ√
2
)2p{
1 + 2 cosΘ ξ
(
ϕ√
2
)q−p
+ ξ2
(
ϕ√
2
)2(q−p)}
, (9)
where we have defined ξ ≡ |dq/dp|, θ ≡ arg(dq) and Θ ≡ θ + (q − p)π/2.
In order to see how the scalar potential looks like, let us first consider the case of
cosΘ = −1, which is shown as the solid (red) line in Fig. 1. The shape of the potential
depends on q − p being odd or even. If q − p is odd, the potential has three extrema at
ϕ = 0, ϕm and (q/p)
1/(q−p)ϕm, where
ϕm =
√
2
(
p
qξ
)1/(q−p)
, (10)
On the other hand, if q − p is even, the potential is symmetric under ϕ→ −ϕ and there
are five extrema at ϕ = 0, ±ϕm and ±(q/p)1/(q−p)ϕm. Schematic pictures of this potential
are given in Fig. 1 for q − p =odd (left) and q − p =even (right).
For a general value of Θ, the potential and its first derivative with respect to ϕ, can
be rewritten as
V = d2p
(
ϕ√
2
)2p{
1 + 2 cosΘ
p
q
(
ϕ
ϕm
)q−p
+
(
p
q
)2(
ϕ
ϕm
)2(q−p)}
, (11)
and
V ′ =
√
2d2p p
(
ϕ√
2
)2p−1{
1 + cosΘ
p+ q
q
(
ϕ
ϕm
)q−p
+
p
q
(
ϕ
ϕm
)2(q−p)]
, (12)
where the prime denotes the the derivative with respect to the inflaton.
It is also instructive to write down the condition for the extrema other than ϕ 6= 0 to
disappear. If the following condition is satisfied,
|cosΘ| < 2
√
pq
p+ q
for q − p = odd,
cosΘ > −2
√
pq
p+ q
for q − p = even,
(13)
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V ′ = 0 has a solution only at ϕ = 0 and hence there is no local minimum for the inflaton
potential, and inflation naturally takes place with chaotic initial conditions as in the
original chaotic inflation models. When the above condition is marginally satisfied, the
inflaton potential has a plateau around ϕ = ϕm.
One can see from Fig. 1 that the potential is approximated by a simple monomial
potential, V ∝ ϕ2p, for ϕ ≪ ϕm, while the potential becomes significantly modified at
ϕ & ϕm. In particular, a plateau-like feature appears around ϕ ∼ ϕm depending on the
value of θ. Thus, the inflaton dynamics and the predicted spectral index and tensor-to-
scalar ratio are significantly modified. To see this, let us remember that the spectral index
as well as the scalar-to-tensor ratio can be expressed in terms of the slow-roll parameters
as [26]
ns = 1 + 2η − 6ǫ (14)
r = 16ǫ, (15)
where the slow-roll parameters ǫ and η are defined by
ǫ ≡ 1
2
(
V ′
V
)2
, (16)
η ≡ V
′′
V
. (17)
For illustration we consider the simple quadratic chaotic inflation. We can see from Fig. 3
that the predicted r is on the edge of the 2σ region, while ns is close to the best-fit value.
From the above expressions, we need to reduce ǫ to suppress r. However, this will make
the spectral index larger. So, in order to effectively reduce only r, we need to make both
ǫ and η smaller at ϕ ≃ O(10) where the CMB scales exited the horizon. That is to say,
the potential should be flatter and its curvature should be small and even negative. Such
deformation of the potential at large field values is possible in the polynomial chaotic
inflation, if the condition (13) is marginally satisfied.
Next we will see some examples and show that they indeed predict ns and r within
the 1σ region favored by the Planck satellite.
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Figure 2: Schematic picture for the scalar potential for (p, q) = (1, 2).
2.2 Examples
Now let us study some phenomenological examples of the polynomial chaotic inflation to
see if they predict ns and r within the 1σ allowed region.
2.2.1 (1, 2)-chaotic inflation
The simplest case is (p, q) = (1, 2), which was studied in Ref. [14]. Writing dp = m and
|dq| = λ, we have the superpotential
W = X(mφ+ λeiθφ2), (18)
and the scalar potential becomes
V =
1
2
m2ϕ2
(
1−
√
2λ sin θ
m
ϕ+
λ2
2m2
ϕ2
)
. (19)
The potential has a plateau when the following condition is marginally satisfied,
| sin θ| < 2
√
2
3
. (20)
Schematic pictures for the scalar potential are shown in Fig. 2. As seen from the figure,
the potential has a flat plateau for θ ∼ 23π/60, which marginally satisfies (20). Note that
in this case the symmetry arguments do not forbid the c1 term in the Ka¨hler potential
9
Figure 3: Predictions of the polynomial chaotic inflation with (p, q) = (1, 2) for various
values of θ. Upper left : Predictions for (ns, r) combined with the Planck constraint [3].
Upper right : Values of m and λ (in Planck units) for reproducing the Planck normaliza-
tion of the density perturbation. Lower left : ns as a function of ϕm. Lower right : Same
as lower left, but for r.
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(4), and non-zero value of c1 will induce the inflaton decay through supergravity effects
as we shall see later.
We have numerically solved the inflaton dynamics and calculated ns and r in this
model, which can be expressed in terms of the slow-roll parameters as (14) and (15).
They are evaluated at ϕ = ϕ(Ne) where ϕ(Ne) satisfies
Ne =
∫ ϕ(Ne)
ϕend
V
V ′
dϕ, (21)
with Ne e-folds before the end of inflation, and ϕend is defined at the field value where
max[ǫ, |η|] = 1. For numerical calculation, we have taken Ne = 60. Upper left panel of
Fig. 3 shows predictions of the polynomial chaotic inflation on (ns, r) plane for various
values of θ overlapped with the 1σ and 2σ region from the Planck results [3]. The filled
black circle shows the prediction for the chaotic inflation with quadratic potential. We
can see that the predicted values of (ns, r) can lie within the 1σ allowed region. Unless
θ is finely tuned around θ = 23π/60, the predicted tensor-to-scalar ratio is large enough
to be probed by the on-going and future B-mode experiments. Lower panels of Fig. 3
show ns and r as a function of ϕm for various values of θ. For ϕm ≫ 10, the prediction
is reduced to that for the chaotic inflation with a quadratic potential, as expected. We
have also checked that the correct magnitude of the density perturbation observed by the
Planck satellite,
√Pζ = √V/(24π2ǫ) ≃ 4.69 × 10−5 [3], is reproduced for m ∼ 10−5 and
λ ∼ 10−7, as shown in the upper right panel of Fig. 3.
2.2.2 (1, 3)-chaotic inflation
Another simple interesting possibility is the case of (p, q) = (1, 3). Writing dp = m and
|dq| ≡ g, the superpotential is given by
W = X(mφ+ geiθφ3). (22)
The scalar potential becomes
V =
1
2
m2ϕ2
(
1− g cos θ
m
ϕ2 +
g2
4m2
ϕ4
)
. (23)
The condition (13) reads
cos θ <
√
3
2
. (24)
11
Figure 4: Schematic picture for the scalar potential for (p, q) = (1, 3).
Figure 5: Predictions of the polynomial chaotic inflation with (p, q) = (1, 3) for various
values of θ. Upper left : Predictions for (ns, r). Upper right : Values ofm and g (in Planck
units) for reproducing the Planck normalization of the density perturbation. Lower left :
ns as a function of ϕm. Lower right : Same as lower left, but for r.
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Fig. 5 shows the prediction of (ns, r) for various values of θ combined with the 1σ
and 2σ region from the Planck results [3]. The filled black circle shows the prediction for
the chaotic inflation with quadratic potential. It is clearly seen that it lies within the 1σ
favored region for θ around π/5, which marginally satisfies the condition (24).
From a phenomenological point of view, the case of (p, q) = (1, 3) is particularly
attractive, since it is consistent with the Z2 symmetry under whichX → −X and φ→ −φ.
The Z2 symmetry forbids the d0 term and there is no need to shift the origin of φ to ensure
the superpotential (22). Furthermore, the c1-term in the Ka¨hler potential is also forbidden
by the symmetry. As we shall see in the next section, we do not suffer from the gravitino
overproduction from the inflaton decay. The reheating temperature can be as high as
TR ∼ 109GeV by the inflaton decay into right-handed neutrinos or Higgs fields.
2.2.3 (2, 4)-chaotic inflation
Lastly we consider the case of (p, q) = (2, 4) for illustration. Writing dp = λ and |dq| ≡ g,
the superpotential is of the form
W = X(λφ2 + geiθφ4). (25)
The scalar potential is given by
V =
1
4
λ2ϕ4
(
1− g cos θ
λ
ϕ2 +
g2
4λ2
ϕ4
)
. (26)
The condition (13) becomes
cos θ <
2
√
2
3
. (27)
The lowest order term of the inflaton potential is proportional to ϕ4, which would
be strongly disfavored from the Planck result if it gave the dominant contribution to the
inflaton potential during the relevant time period. Now, as the potential is modified by
the higher order terms, the predicted (ns, r) can be consistent with the Planck result as
shown in Fig. 7. This model is also consistent with the Z2 symmetry under which φ→ −φ
andX → X , hence the c1 term in the Ka¨hler potential (4) can be forbidden. Note however
that the d0 term in the superpotential (5), W ⊃ Xd0, is allowed, and if we shift the origin
of φ to cancel the d0-term, the structure of the potential would be modified; for instance
13
Figure 6: Schematic picture for the scalar potential for (p, q) = (2, 4).
terms like Xφ and Xφ3 would be induced after the shift. If |d0| ≪ λ2/g is satisfied
from the beginning, the effect of the d0-term is so small that the inflaton dynamics is not
affected. We have here assumed that |d0| is sufficiently suppressed in our analysis.
3 Reheating
In this section we study the inflaton decay. So far we have neglected the linear term of
the inflaton in the Ka¨hler potential as it does not affect the inflaton dynamics. However,
it has an important effect on the inflaton decay process. This can be easily seen by the
Ka¨hler transformation: K → K− c1(φ+φ†) and W → ec1φW . Then, the inflaton tadpole
disappears in the Ka¨hler potential, but the inflaton is now coupled to all the sectors
appearing in the superpotential. Such couplings will induce the inflaton decay into the
visible sector through the top Yukawa coupling [28].
If we use the freedom to shift the origin of φ in order to absorb the d0 term in the
superpotential, it generically induces a non-zero c1-term. On the other hand, the d0
term can be forbidden by some symmetry under which both X and φ are charged. This
implies that c1 term can also be forbidden by the symmetry. As long as we require the
(φ + φ†)2 term in the Ka¨hler potential to be consistent with such symmetry, the only
possible symmetry is the Z2 symmetry under which X → −X and φ → −φ.3 The Z2
3 If the kinetic term of the inflaton comes from higher order terms at large field values, it is possible
to impose a Zn symmetry consistently. This is the case of the so called running kinetic inflation [11, 12].
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Figure 7: Predictions of the polynomial chaotic inflation with (p, q) = (2, 4) for various
values of θ. Upper left : Predictions for (ns, r). Upper right : Values of λ and g (in Planck
units) for reproducing the Planck normalization of the density perturbation. Lower left :
ns as a function of ϕm. Lower right : Same as lower left, but for r.
15
symmetry forbids all the terms with n being even in (5). If we focus on the case where the
first leading two terms are relevant, we obtain the (1, 3)-chaotic inflation. In this sense,
the (1, 3)-model is special. We discuss below the inflaton decay process in cases with and
without such Z2 symmetry.
3.1 Case with Z2 symmetry
Now let us consider the reheating in the Z2-symmetric model, e.g., (p, q) = (1, 3). In this
case the c1-term vanishes, and therefore we need to introduce couplings of the inflaton
with the visible sector for successful reheating. As we shall see, however, the couplings are
bounded above, either because too large c1 term is induced by the couplings, or because
the inflaton trajectory is destabilized. This leads to an upper bound on the reheating
temperature, which however turns out to be sufficiently high for thermal or non-thermal
leptogenesis [27, 30, 31] to work. Another phenomenologically attractive feature of the
Z2 symmetric model is that the gravitino overproduction from inflaton decay can be
suppressed. This is because any couplings of the inflaton with the SUSY breaking sector
are suppressed by the Z2 symmetry, as long as its breaking is sufficiently small.
In the following we assume p = 1 so that the inflaton acquires a large SUSY mass, m,
at the potential minimum. That is to say, the lowest order term in the superpotential is
W = mXφ. As we consider a perturbative decay of the inflaton, higher order terms are
irrelevant for the reheating.
3.1.1 Decay into the right-handed neutrino
Let us consider the inflaton coupling to the right-handed neutrinos Ni (i = 1, 2, 3) :
W = mXφ+ YijmφNiNj +
1
2
κiΠNiNi, (28)
where Yij and κi denote coupling constants, and a sum over the generation index i, j =
1, 2, 3 is understood. The VEV of Π generates a Majorana mass for the right-handed
neutrinos, Mi ≡ κi 〈Π〉. The second term explicitly breaks the shift symmetry, and
therefore we have inserted an order parameter for the breaking, m.
In order to allow the above interactions, we extend the Z2 symmetry to a Z4 symmetry.
See the charge assignments in Table 3.1.1 [8]. This Z4 symmetry is broken down to its
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Z2 subgroup by the VEV of Π. As a result, a non-zero inflaton VEV of order O(〈Π〉 /m)
is induced, as the d0-term is generically of order 〈Π〉. We assume 〈Π〉 ≪ m so that the
inflaton VEV is much smaller than unity, in which case the effect on the reheating is
negligible. Then the inflaton can decay into the three right-handed neutrinos.
We first consider the inflaton decay into the lightest one, N1. The decay into heavier
ones can be treated in the same way. The superpotential (28) leads to the following terms
relevant for the reheating,
L = −(Y mφN1N1 + h.c.)− (Y m2X†N˜1N˜1 + h.c.), (29)
where Y ≡ Y11, and N1 and N˜1 represent the right-handed neutrino and sneutrino, re-
spectively.
After inflation, φ andX are maximally mixed with each other due to the constant term
W0 in the superpotential (see Eq. (5)) and form the mass eigenstates as Φ± = (φ∓X†)/
√
2
with mass eigenvalues m2± = m(m ± m3/2) [29]. As long as the inflaton decay rate is
much smaller than m3/2, both mass eigenstates are equally populated. In addition, their
couplings with the right-handed neutrinos are almost equal in magnitude, and we do not
have to distinguish them for the present purpose.
The inflaton decay rate through the interactions (29) is then given by
Γ(Φ→ N1N1) ≃ Γ(Φ→ N˜1N˜1) ≃ |Y |
2
16π
m3. (30)
Assuming the same decay rate for φ → N2N2 and φ → N3N3, we obtain the reheating
temperature as4
TR ≃ 3× 109GeV |Y |
( m
1013GeV
)3/2
. (31)
Therefore it can be as high as 109–1010GeV for |Y | ∼ O(1)5, and thermal and/or non-
thermal leptogenesis works successfully in this case.
It is also possible to introduce the following coupling in the Ka¨hler potential consistent
with the Z4×U(1)R:
K = kX†NiNi + h.c. (32)
4 Typically the decay rate of the right-handed (s)neutrino is much larger than the inflaton decay rate,
hence the produced right-handed (s)neutrinos decay immediately after the inflaton decay.
5 Note that |Y | cannot be larger than order unity, as it would destabilize the inflaton trajectory. See
the discussion in Sec. 3.1.2.
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φ X Π N Hu Hd 10 5¯
Z4 2 2 2 1 2 2 1 1
U(1)R 0 2 0 1 0 0 1 1
Table 1: Z4×U(1)R charge assignments. Here 10 = (Q, U¯ , E¯) and 5¯ = (D¯, L) are MSSM
chiral matters.
The relevant terms in the Lagrangian are given by [32]
L ≃ k
(
−(∂2X†)N˜iN˜i +mφNiNi
)
+ h.c. (33)
The decay rate is then given by
Γ(Φ→ NiNi) ≃ Γ(Φ→ N˜iN˜i) ≃ |k|
2
16π
m3. (34)
This results in TR comparable to (31) for |k| ∼ O(1). The advantage of this reheating
process over the previous one is that we do not have to break the shift symmetry.
3.1.2 Decay into the MSSM Higgs
Next let us consider the inflaton decay into Higgs fields. We introduce the following
coupling,
W = κXHuHd, (35)
where Hu and Hd are MSSM up- and down-type Higgs doublets. This explicitly breaks
the Z2 symmetry, and so, we assume |κ| ≪ 1.6 Similarly to the previous case, once the
Z2 breaking is introduced, the inflaton acquires a non-zero VEV of order |κ|/m. Its effect
on the reheating is negligible if |κ| ≪ m.
We note that there is another subtle issue on the stability of the inflaton trajectory.
By focusing on the p = 1 term for the inflaton sector, W = mXφ, the scalar potential
reads
V = |mφ+ κHuHd|2, (36)
6 In order to generate the µ-term, we assume HuHd is singlet under Z2. In the case of (2, 4) model,
the coupling (35) does not break the Z2 symmetry as X is neutral under Z2. In this case, however, we
need to assume that d0 is sufficiently suppressed in order for the SUSY minimum to exist in a region of
|Re[φ]| . 1.
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which shows that there is a flat direction along mφ + κHuHd = 0. The presence of the
flat direction may spoil the inflation, as it implies that the inflaton trajectory is unstable
along the direction ofHuHd. Note that, in the absence of the interaction with the inflaton,
Hu and Hd can be stabilized at the origin by the Hubble-induced mass. For successful
inflation, we need to keep both Hu and Hd stabilized at the origin, which places an upper
bound on |κ|,
|κ| . mϕend ∼ O(10−5). (37)
In the following we assume |κ| ≪ 10−5 to avoid both too large inflaton VEV and the
instability of the inflaton trajectory.
The interaction terms relevant for the reheating are
L = −(κmφ†HuHd + h.c.)− (κXH˜uH˜d + h.c.). (38)
This induces the inflaton decay into the Higgs bosons and higgsinos. The decay rate is
given by
Γ(Φ→ HuHd) ≃ Γ(Φ→ H˜uH˜d) = κ
2
16π
m, (39)
and the reheating temperature is
TR ≃ 4× 108GeV
( κ
10−6
)( m
1013GeV
)1/2
. (40)
Taking account of the constraint (37), TR cannot be higher than ∼ 109GeV. The thermal
leptogenesis [27] marginally works if TR is close to the upper bound. Otherwise we may
need mild degeneracy between the right-handed neutrinos.
Another way to induce the inflaton decay into the Higgs sector is to introduce the
following coupling:
W = κ′φHuHd. (41)
As opposed to the case of XHuHd coupling (35), this does not affect the inflaton dynamics
during inflation. However, this coupling explicitly violates the shift symmetry. Recalling
that the order parameter of the shift symmetry breaking is m ∼ 10−5, the coupling κ′
should also be of the order ∼ 10−5 or less. As a result, the reheating temperature is
roughly same as (40).
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Alternatively we may include the following interaction in the Ka¨hler potential,
K = κ′′(φ+ φ†)HuHd + h.c., (42)
which respects the shift symmetry, but explicitly breaks the Z2 symmetry. In order to
avoid too large inflaton VEV, we require that the Z2 breaking is sufficiently suppressed,
|κ′′| ≪ 10−5. Then its contribution to the reheating is negligible compared to the previous
cases.
3.2 Case without Z2 symmetry
Without the Z2 symmetry, all the interactions in (5) are allowed. Focusing on the two
lowest order terms, the model is reduced to the (1, 2) model, and the inflaton mass is fixed
to be of order 10−5 by the Planck normalization of density perturbations. As mentioned in
Sec. 2, we assume that the d0 term is sufficiently suppressed so that the inflaton potential
has a SUSY minimum in a region of |Re[φ]| < 1. This is the case if |d0| . 10−5 and
|c1| . 1. Since there is a priori no reason to expect |c1| ≪ 1, we assume |c1| ∼ 1 and
consider its contribution to the inflaton decay.
3.2.1 Decay via the top Yukawa
In the case without Z2 symmetry, φ generically has an unsuppressed linear term in the
Ka¨hler potential. The linear term can be also interpreted as the inflaton VEV, 〈φ〉 = c1,
as the VEV is induced if one shifts the origin of φ so that the linear term vanishes. As
we have discussed at the beginning of this section, even without introducing couplings
between the inflaton and MSSM sector by hand in the global SUSY limit, the inflaton
necessarily couples with the MSSM sector in SUGRA [28]. The decay mainly proceeds
via the top Yukawa coupling and the decay rate is given by
Γ(Φ→ QtHu) = 3
256π3
|yt|2
( 〈φ〉
MP
)2
m3
M2P
, (43)
where yt is the top Yukawa coupling. The reheating temperature is estimated to be
TR ≃ 7× 107GeV|yt|
( 〈φ〉
1018GeV
)( m
1013GeV
)3/2
. (44)
It is also possible to introduce the coupling like (35). In this case the reheating
temperature is estimated as (40).
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3.2.2 Gravitino problem
As extensively studied in Refs. [29, 33, 34, 35, 36, 37], the inflaton generally decays into
the gravitino which potentially leads to cosmological problems. The gravitino abundance
produced by the inflaton decay, in terms of the number density-to-entropy-density ratio,
is estimated as [36]
n3/2
s
≃ 7× 10−6
(
109GeV
TR
)( 〈φ〉
1018GeV
)2 ( m
1013GeV
)2
, (45)
for m < Λ where Λ is the dynamical SUSY breaking scale, and
n3/2
s
≃ 9× 10−8β
(
109GeV
TR
)( 〈φ〉
1018GeV
)2 ( m
1013GeV
)2
, (46)
for m > Λ with β representing the model dependent parameter of order 1-10. To avoid
the gravitino overproduction, we need one of the three options listed below.
• If the relation mz ≪ m < Λ holds, where mz is the mass of the SUSY breaking field,
the gravitino production rate is significantly suppressed, as explicitly considered in
Ref. [38]. This solution matches with the gravitino mass m3/2 = 100–1000TeV.
• If the gravitino is heavy enough to decay before the big-bang nucleosynthesis begins,
and also the lightest SUSY particle (LSP) decays via the small R-parity violation
effects, there is no gravitino problem. This is possible for m3/2 > O(10)TeV. In this
case, however, we need another dark matter candidate, such as the axion.
• If the gravitino is lighter than ∼ 10 eV, it thermalizes with the plasma and its relic
abundance is so small that it does not drastically affect the cosmological observations.
4 Conclusions
In this paper we have constructed the polynomial chaotic inflation model in the SUGRA
framework, and shown that they generically predict large enough tensor-to-scalar ratio
to be detected in future B-mode experiments while satisfying current observational con-
straints. Therefore, non-detection of the B-mode at future experiments will exclude a
large portion of the parameter space for the polynomial chaotic inflation. From phe-
nomenological points of view, the model with Z2 symmetry is interesting since it avoids
the gravitino overproduction from the inflaton decay.
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We also found that the reheating temperature in such a model, Eq. (40), is bounded
from above so that the interaction (35) does not disturb the inflaton dynamics. The
resulting upper bound reads TR . 10
10GeV. Close this upper bound, the LSP produced by
the thermally produced gravitino [39] can account for the present dark matter abundance,
for the LSP mass of O(100)GeV and the gravitino mass of O(100)TeV. This matches
with the pure gravity mediation model [40], where the gaugino masses are given by the
anomaly-mediation effect [41] while sfermions are as heavy as the gravitino and explains
the 125GeV Higgs boson mass.
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